Response of the Calanoid Copepod Clausocalanus furcatus, to Atmospheric Deposition Events: Outcomes from a Mesocosm Study by Christou, E.D. (Epaminondas D.) et al.
ORIGINAL RESEARCH
published: 14 February 2017
doi: 10.3389/fmars.2017.00035
Frontiers in Marine Science | www.frontiersin.org 1 February 2017 | Volume 4 | Article 35
Edited by:
Xabier Irigoien,
King Abdullah University of Science
and Technology, Saudi Arabia
Reviewed by:
Dacha Atienza,
Spanish National Research Council,
Spain
Hans Uwe Dahms,
Kaohsiung Medical University, Taiwan
*Correspondence:
Epaminondas D. Christou
edc@hcmr.gr
Specialty section:
This article was submitted to
Marine Ecosystem Ecology,
a section of the journal
Frontiers in Marine Science
Received: 30 September 2016
Accepted: 27 January 2017
Published: 14 February 2017
Citation:
Christou ED, Zervoudaki S, Fernandez
De Puelles ML, Protopapa M,
Varkitzi I, Pitta P, Tsagaraki TM and
Herut B (2017) Response of the
Calanoid Copepod Clausocalanus
furcatus, to Atmospheric Deposition
Events: Outcomes from a Mesocosm
Study. Front. Mar. Sci. 4:35.
doi: 10.3389/fmars.2017.00035
Response of the Calanoid Copepod
Clausocalanus furcatus, to
Atmospheric Deposition Events:
Outcomes from a Mesocosm Study
Epaminondas D. Christou 1*, Soultana Zervoudaki 1, Ma Luz Fernandez De Puelles 2,
Maria Protopapa 1, Ioanna Varkitzi 1, Paraskevi Pitta 3, Tatiana M. Tsagaraki 3 and
Barak Herut 4
1Hellenic Centre for Marine Research, Institute of Oceanography, Athens, Greece, 2Centro de Baleares, Instituto Español de
Oceanografia, Palma de Mallorca, Spain, 3Hellenic Centre for Marine Research, Institute of Oceanography, Heraklion,
Greece, 4 Israel Oceanographic and Limnological Research, National Institute of Oceanography, Haifa, Israel
Atmospheric deposition is assumed to stimulate heterotrophic processes in highly
oligotrophic marine systems, controlling the dynamics and trophic efficiency of planktonic
food webs, and is expected to be influenced by climate change. In the course of an
8-day mesocosm experiment, we examined the channeling, of the Saharan dust (SD)
and mixed aerosols (A) effects on microplankton up to the copepod trophic level, in the
highly oligotrophic Eastern Mediterranean Sea. Based on mesocosms with SD and A
treatments, we evaluated the feeding response of the dominant copepod Clausocalanus
furcatus every other day. We hypothesized that increased food availability under
atmospheric deposition would result in increased copepod ingestion rates, selectivity
and production. Overall, no robust pattern of food selection was documented, and daily
rations on the prey assemblage of all mesocosms were very low indicating severe food
limitation of C. furcatus. Although increased food availability was not true, after few days
ingestion of ciliates was maximized, followed by egg production, in both the SD and A
treatments, indicating their importance in the diet of this copepod as well as a response of
C. furcatus feeding performance. Our results help in understanding the trophic efficiency
of marine food webs in ultra-oligotrophic environments under atmospheric deposition.
We suggest that future mesocosm research in oligotrophic waters should consider more
than one copepod species.
Keywords: mesocosm experiments, dust, aerosols, copepods, feeding, Clausocalanus furcatus, Eastern
Mediterranean
INTRODUCTION
Inorganic nutrients are among the key abiotic factors regulating primary producers and, ultimately,
the trophic status of marine ecosystems. Dust deposition is recognized as a significant source of
macro- and micro-nutrients to the surface ocean (Jickells et al., 2005; Mahowald et al., 2008) and is
particularly important in areas with little input from other external sources (e.g., Jickells et al., 2005;
Duce et al., 2008), as in the EasternMediterranean Sea (Herut et al., 2002; Krom et al., 2004). Recent
efforts to comprehend the action of these contributions on ocean biogeochemistry, has dedicated
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on the influence on primary productivity, assumed their aptitude
to generate new production (e.g., Ridame et al., 2014). However,
recent studies, merging field and experimental work, indicated
significant boost in heterotrophic bacterial abundance and
respiration following up atmospheric deposition in oligotrophic
systems (Lekunberri et al., 2010; Romero et al., 2011; Pulido-
Villena et al., 2014). Additionally, heterotrophic processes were
found to be further activated by dust pulses when compared to
autotrophic processes with increasing degree of oligotrophy, the
dominant response being controlled by the nutrients competition
between bacteria and phytoplankton (Maranon et al., 2010).
Normally the dominance of copepods is a well-established
pattern in extremely oligotrophic systems (Nuwer et al.,
2008; Villar-Argaiz et al., 2012). Even if many factors have
been identified to qualitatively affect zooplankton succession
(temperature, predation rates, etc.), food availability has been
identified as a key regulatory aspect of the zooplankton
growth (Sterner and Elser, 2002). Marine copepods may
reveal a considerable selective feeding response, selecting the
most appropriate prey based on size (Mullin, 1963; Frost,
1972), motility (Atkinson, 1995; Broglio et al., 2001), and
nutritional value (Cowles et al., 1988; Isari et al., 2013).
Copepods usually choose microzooplankton prey over smaller
phytoplankton (Calbet and Saiz, 2005; Saiz and Calbet, 2011),
therefore microzooplankton may be an essential linkage between
phytoplankton and metazoans (Stoecker and Capuzzo, 1990;
Schmoker et al., 2013). Finally, in an increase of total food
availability, feeding rates of copepods are expected to be increased
and prey selection to be more intense (DeMott, 1989, 1995),
ultimately leading to a positive influence of copepod production.
The present paper was aimed at elucidating how the impact
of Saharan dust and mixed aerosols (polluted and desert origin)
on microplankton may be channeled to marine copepods. The
Mediterranean Sea might receive high amounts of atmospheric
particles, of both natural (Saharan) and anthropogenic origin,
over broad areas (e.g., Guerzoni et al., 1999; Pulido-Villena
et al., 2014). These atmospheric depositions possibly represent
the major input of external nutrients entering offshore surface
waters (Herut et al., 2002; Bartoli et al., 2005; Guieu et al.,
2010). Amesocosm experiment was designed to test the influence
of atmospheric deposition on the plankton community of the
Eastern Mediterranean. This extremely oligotrophic ecosystem,
described as phosphorus limitated (Krom et al., 1991), or
nitrogen and phosphorous co-limitated (Tanaka et al., 2011;
Ternon et al., 2011), is ideal for testing the atmospheric
deposition hypothesis. We hypothesized that increased food
availability under atmospheric deposition would result in
increased copepod ingestion rates, selectivity and production.
For the estimation of copepod vital rates three deposition
treatments were used in parallel. Based on incubation
experiments during the evolution of an initially triplicate
plankton assemblage, we estimated the Clausocalanus furcatus
response [based on feeding rates, prey preferences, daily ration
(DR) and egg production], which dominated in the mesocosm
plankton community. Although this copepod is known for
its extensive distribution and biological importance, there is
insufficient information on its feeding response under natural
conditions (Paffenhofer et al., 2006; Cornils et al., 2007b). The
present paper encompasses the first results on the Clausocalanus
furcatus feeding ecology, triggered by atmospheric deposition
events. This may help in explaining its response under specific
nutrient regimes and in obtaining vision on the functioning of
trophic webs in ultra-oligotrophic environments.
METHODS
Mesocosm Set up and experimental
Design
The influence of atmospheric deposition on copepods was
investigated as a part of the ATMOMED mesocosm experiment
carried out from 10 to 18 May 2012 at the CRETACOSMOS
facility of the Hellenic Centre for Marine Research in Crete,
Greece (www.cretacosmos.eu). The facility consists of a 350 m−3
land-based concrete pond, 5m deep, supplied with continuous
seawater flow-through in order to maintain ambient surface
water temperature. The experiment was carried out using
surface (∼10m depth) seawater that was collected using a
rotary submersible pump placed on board the R/VPhilia from
allocation 5 nautical miles north of Heraklion port in the Cretan
Sea (35o 24.975N, 25o 14.441E). The collected seawater was
equally distributed by gravity into nine food-grade polyethylene
mesocosm bags to ensure the homogeneity of the collected
seawater between bags. The mesocosms were mounted on
aluminum frames (1.12m diameter) attached to the pool’s walls.
Each mesocosm had a total volume of 3 m−3. The mesocosms
were gently mixed throughout the experiment, using an airlift
pump to avoid stratification. They were covered with a two-
layer lid in order to protect them from natural atmospheric
aerosol depositions during the experiment and mimic the light
conditions at a 10m water depth.
The mesocosm set up involved two distinct deposition
treatments [Sahara Dust (SD) and mixed aerosols (A)] and a
control (C) all triplicated in the bags. Amore detailed description
of the mesocosm set up and experimental design is provided
by Tsagaraki et al. (this issue) and Herut et al. (2016). For the
copepod feeding and production experiments, we used all three
treatments (C, SD, and A). The water was sampled by all three
replicates of each treatment, which was then mixed to produce
one water mass for each treatment.
Zooplankton Sampling/analysis
Zooplankton abundance (individuals m−3) and copepod
community composition were determined at the start (24
h before Day 0) and at the end (Day 18) of the mesocosm
experiment. The initial zooplankton sampling was performed,
when the water for the mesocosms was collected, using a
modified WP2 45µm net. Samples were preserved in 4%
buffered formalin and then inspected under a stereoscopic
microscope. At the end of the experiment, the water of
each replicate treatment was filtered over a 45µm net and
zooplankton samples were treated as described above. A total of
12 samples were analyzed: three from the field and nine from the
nine bags at the end of the experiment.
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Clausocalanus furcatus Experiments
Copepod feeding and production were assessed on four dates (11,
12, 15, 17, May 2012), in each of the three mesocosm treatments.
Four experiments were conducted, Exp1 on 11/5, Exp2 on 12/5,
Exp3 on 15/5, and Exp4 on 17/5.
For the feeding experiments, adult females of the dominant
copepod species Clausocalanus furcatuswere used. The copepods
were collected from the same area as the original water for
the mesocosms, and pre-conditioned for 24 h in water from
the corresponding treatment and under the respective ambient
conditions. Water for the incubations was taken from each
replicate enclosure early in the morning and mixed (three to
one) according to the respective treatment. Then it was gently
inversely filtered through a 100 mm mesh to exclude any
zooplankton, while minimizing effects on delicate organisms
such as ciliates (Broglio et al., 2004). For each mesocosm
treatment, nine bottles (1.3 L polycarbonate) were prepared
amended with 1µM NH4Cl, 0.07µM Na2HPO4, and 0.5µM
Na2SiO3. This nutrient addition was used to ensure that nutrients
were not limiting in any treatment (Calbet et al., 2012) and
to avoid selectively increased phytoplankton growth in the
copepod-amended bottles due to excretion. Adult copepods (ca.
10–12 females) were added to three of the nine bottles, whereas
the other six served as initial (three) and control (three) bottles.
The experimental bottles were incubated for ca. 24 h, hanged at
0.5m depth from a floating wheel rotating at ca. 1 r.p.m and
propelled by a submerged water pump. This approach assured
that food conditions were homogeneous in all bottles (Calbet
et al., 2012).
The content of the bottles was collected by reverse filtration
over a 200 mm mesh, at the beginning for the initial ones
and after 24 h for the rest ones. Then samples for chlorophyll
a (Chl a) and microplankton analysis were taken. For the
control and copepod bottles, the remaining content was carefully
emptied over a 200µm mesh, and the copepod number and
condition was checked. Total mortality was almost 0. Aliquots
of 500 mL were filtered onto 0.2,µm polycarbonate filters
to estimate chlorophyll a concentration. We considered that
microplankton included ciliates and dinoflagellates, assuming all
dinoflagellates as potentially heterotrophic, as in Loder et al.
(2011). Microplankton samples were preserved in 2% acidic
Lugol, settled in sedimentation chambers (100 mL) and counted
using an inverted microscope at 200–400 magnification. For each
microplankton category considered, cell size was measured and
then converted into biovolume using simple geometric formulae
(Hillebrand et al., 1999). Biovolume conversion to carbon was
done according to the equations given in Menden-Deuer and
Lessard (Menden-Deuer and Lessard, 2000) for dinoflagellates.
Separate conversion factors were applied to aloricate (Putt and
Stoecker, 1989) and loricate (Verity and Langdon, 1984) ciliates.
Chl a concentrations were converted to carbon biomass using a
conversion factor of 50 (C:Chl a= 50).
For the estimation of the egg production 25–30 healthy-
looking, actively swimming females without an egg-sac, were
sorted using a stereomicroscope. Three to four females were
placed in each of six 620 ml glass jars (replicates) containing well-
mixed 60µm filtered water collected from each treatment (for
details see below). The females were incubated at the ambient
sea temperature (20◦C) and photoperiod for 24 h after which the
spawned eggs were counted and female lengths and egg diameters
were measured. Overall mortality was 0.
Feeding rates were determined according to the equations
of Frost (Frost, 1972). The carbon content of C. furcatus was
estimated from length measurements applying the length-body
carbon regression equation for Paracalanus spp. by Uye (1991).
Then daily rations (DRs) in % body carbon ingested per day
were calculated. Copepod feeding preference of ciliates and
dinoflagellates size fractions (small vs. large size cells) was
assessed by the Chesson’s selectivity index a (Chesson, 1983):
a =
ri/ni
∑m
j=1 rj/nj
where ri is the frequency of the food type i in the diet, ni is the
frequency of the food type i in the available food and m is the
number of food types. This index fluctuates between 0 and 1
and neutral selection corresponds to ai = 1/n. Therefore, non-
selective feeding is indicated by ai = 0.25 in the case of a four-
option choice (i.e., the taxonomic group, size). Higher values than
these indicate positive preference for food type i, whereas lower
values indicate avoidance for food type i.
RESULTS
Copepod Community
Copepods were the numerically dominant group both in the field
at the onset of the experiment (87.6%) and in the three mesocosm
treatments after the end of the experiment (C, SD, and A: 87.4–
92.6), followed by pteropods (7–10.7%) and other zoolankton
(0.2–4.1%). The composition of the copepod community is
included in Table 1. Female Clausocalanus furcatus with the
genus copepodites clearly dominated (field: 54%; C: 30%; SD:
35%, A: 32%), while copepodites of the cyclopoid Oithona
spp., the copepod nauplii, and the harpacticoid Microsetella spp.
followed in numbers. The copepod number in C at the end of the
experiment (113 ind. m−3) was higher than those of SD and A
(96 and 98 ind. m−3). The abundance of the genus Clausocalanus
was almost triple in the field, when compared to the mesocosms
(Table 1).
Clausocalanus furcatus Egg Production
Clausocalanus furcatus production (specific egg production, SEP)
was extremely low, ranging from 0 to 0.67% body C day−1 in the
C treatment, from 0 to 6.32% body C day−1 in the SD treatment
and from 0 to 7.53% body C day−1 in the A treatment. The two
maxima 6.32 and 7.53% body C day−1, corresponding to 5.6 and
6.7 eggs ind−1 day−1 respectively, were recorded in Exp3.
Potential Prey of C. furcatus
The evolution of the Chl a values in the 3 mesocosms during the
experiment is presented in Figure 1A. The SD and A treatments
revealed a gradual decrease from the first to the last day. In
general Chl a showed very low values in all treatments due to
the oligotrophy of the area. The Chl a concentrations in SD
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TABLE 1 | Copepods identified at the beginning of the experiment (in the field) and at the end of the experiment (in the mesocosm treatments C,
SD, and A).
Order Copepod taxa Abundance (ind. m−3) Relative abundance (%)
Field C SD A Field C SD A
Calanoida Acartia spp. 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0
Acartia cop. 0.0 1.0 0.4 0.5 0.0 0.9 0.4 0.5
Calocalanus spp. 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.4
Clausocalanus spp. 0.0 3.7 5.4 2.9 0.0 3.3 5.7 2.9
Clausocalanus furcatus fem 5.7 6.7 6.9 8.6 3.4 5.9 7.3 8.7
Clausocalanus males 0.3 5.2 4.6 5.7 0.2 4.6 4.8 5.8
Clausocalanus cop. 82.3 26.7 26.3 22.7 50.1 23.6 27.7 23.1
Paracalanus cop. 0.0 2.0 3.0 0.1 0.0 1.8 3.1 0.1
Temora stylifera cop. 0.0 0.3 0.2 0.0 0.0 0.2 0.2 0.0
Unknown cop. 0.3 2.5 2.4 1.2 0.2 2.2 2.5 1.2
Nauplii 47.0 17.1 9.6 17.1 28.6 15.1 10.1 17.3
Cyclopoida Corycaeus spp. 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.0
Corycaeus cop. 0.0 1.1 1.0 2.2 0.0 1.0 1.1 2.2
Farranula rostrata fem 1.0 0.1 0.0 0.0 0.6 0.1 0.0 0.0
Farranula rostrata cop. 0.3 0.0 0.0 0.0 0.2 0.0 0.0 0.0
Mormonilla minor 0.0 0.0 0.2 0.0 0.0 0.0 0.2 0.0
Oithona spp. 0.3 0.5 0.0 0.8 0.2 0.5 0.0 0.8
Oithona similis 1.0 0.1 0.2 0.3 0.6 0.1 0.2 0.3
Oithona cop. 16.0 21.9 21.3 22.4 9.7 19.4 22.4 22.7
Oithona males 0.0 0.4 0.3 0.0 0.0 0.3 0.3 0.0
Oncaea spp. 0.0 2.1 2.3 1.7 0.0 1.9 2.4 1.7
Oncaea males 0.7 3.2 1.4 1.2 0.4 2.8 1.5 1.2
Oncaea cop. 2.3 4.1 1.5 2.4 1.4 3.6 1.6 2.4
Harpacticoida Microsetella spp. 7.0 14.2 7.9 8.5 4.3 12.5 8.3 8.7
Total copepod abundance 164.3 113.1 95.1 98.5
Abundance data (ind. m−3) and relative copepod abundance (%) are included (cop: copepodites, fem: females).
and A were, on average across all samplings, higher than in
C mesocosm. Dinoflagellates (DF) showed a gradual decrease
from Exp1 to Exp3 in both SD and A treatments. Ciliates (CIL)
exhibited an increase from Exp1 to Exp3 in C and A treatments,
and an overall increase after Exp1 in SD mesocosm (Figure 1A).
Two-way ANOVA tests showed no significant differences among
the treatments comparing with the initial prey concentrations
Total available carbon exhibited a gradual decrease from Exp1
to Exp4 in both SD and A treatments (Figure 2A). However, this
decrease in control was interrupted by a maximum in Exp3. DF
was the major food component contributing from 47 to 95%
(Figure 2A). The carbon development pattern was comparable
in SD and A treatments, with decreasing DF and increasing CIL.
In almost all cases, but one, DF had the higher contribution to
the total available carbon. However, DF/CIL equaled in Exp3 in
the SD and A treatments, comprising 50.5/49.5 and 50.7/49.3
respectively.
Clausocalanus furcatus Feeding Response
Vital feeding was found in all cases on DF and CIL, whereas
clearance rates on Chl a were lower (Figure 3). Clearance
rates on both DF and CIL were more or less similar
(DF: 22–97 ml cop−1 d−1; CIL: 14–152 ml cop−1 d−1).
Clearance rates on CIL attained some higher values, with
the highest ones to be detected in Exp3 in the A and SD
treatments. In contrast, in SD mesocosms DF were cleared at
significantly lower rate than the other two treatments (p <
0.05). Finally, Chl a was cleared at much lower rates (2–54 ml
cop−1 d−1).
An increasing trend was evident concerning Chl a ingestion
rates in the C incubations, opposing to the decreasing trend in
the SD ones (Figure 1B). DF ingestion rates did not exhibit any
distinct pattern and the highest values were observed in the C
and A treatments in Exp2 and Exp1, respectively. However, CIL
ingestion rates showed an increasing trend from Exp1 to Exp3
in all treatments, with the highest values for both DF and CIL
to be detected in Exp3 (Figure 1B). No statistically significant
differences were found.
Taking into account the total consumed carbon (Figure 2B),
no clear pattern was identified among treatments, but an increase
from Exp1 to Exp3 in the SD treatment and from Exp2 to Exp4
in the A treatment. Average consumed carbon was 4.6, 3.8, and
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FIGURE 1 | (A) Temporal variation of chlorophyll a (Chl a, µg l−1), dinoflagellates (DF, µg C l−1), and ciliates (CIL, µg C l−1) in the mesocosm treatments for the days
of the feeding experiments (values represent initial samples of the feeding experiments) (B) Temporal variation of ingestion rates (% body C d−1) on Chl a, DF and CIL.
4.9 % body C d−1 in the C, SD, and A mesocosms respectively,
ranging in total from 1.2 to 7.1% body C d−1. No positive
relation was observed between DR and prey availability. The
highest ingestion rate in the C mesocosm was recorded in Exp2,
Concerning SD and A treatments, total ingestion rates were very
low (<6% body C d−1). However, regarding CIL contribution to
the total DR, an increase was evident from Exp1 to Exp3 in both
the SD and A treatments (Figure 2B). No statistically significant
differences were found.
The results of Chesson’s selectivity index (Chesson, 1983)
are presented in Figure 4. In the C treatment, C. furcatus
exhibited the highest selectivity for DF, mostly for those <20
µm. Under SD and A conditions, selectivity patterns confirmed
the DF preference. However, in the SD treatment, the overall
preference was stronger for the >20 µm DF, opposing to the
<20 µm DF selectivity which was stronger in the A treatment.
The highest selectivity, for <20 µm DF, was observed on the
third day.
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FIGURE 2 | (A) Temporal variation of the contribution to the available heterotroph carbon (DF and CIL) in the mesocosm treatments during the experiments (values
represent initial samples of the feeding experiments) (B) Contribution of DF and CIL to the DR of C. furcatus in the mesocosm treatments.
DISCUSSION
Clausocalanus furcatus, a small clausocalanid, is one of
the dominant calanoid copepods in warm waters globally
(e.g., Mazzocchi and Ribera d’Alcalà, 1995; Cornils et al.,
2007a; Miyashita et al., 2009; Schnack-Schiel et al., 2010;
Siokou-Frangou et al., 2010). This copepod occurs in the
epipelagic zone all over the world (Frost and Fleminger, 1968),
also in the Mediterranean region (e.g., Siokou-Frangou et al.,
2010), and usually dominates zooplankton communities in
oligotrophic environments (Schulz, 1986; Mazzocchi and Ribera
d’Alcalà, 1995; Webber and Roff, 1995; Cornils et al., 2007a). In a
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FIGURE 3 | Copepod clearance rates (ml cop−1 d−1) on chlorophyll a
(Chl a), dinoflagellates (DF), and ciliates (CIL) in the three mesocosm
treatments. Error bars indicate the standard error.
recent paper, investigating the niche separation of Clausocalanus
species in the Atlantic Ocean, it was found that C. furcatus had
a narrow thermal and salinity niche and its optimal conditions
were warm, saline and very oligotrophic waters (Peralba et al.,
in press).
The maximum egg production of C. furcatus found in our
work was almost half to that reported for the same species in
the Gulf of Mexico (Bi and Benfield, 2006) and fall in the range
reported for C. furcatus in the Gulf of Aqaba (Cornils et al.,
FIGURE 4 | Chesson’s selectivity index values calculated for (circles)
dinoflagellates >20µm over <20µm, (triangles) ciliates >20µm over
<20µm. The dashed horizontal line represents a level of a, where no selectivity
is detected (a: 0.25). SD, Saharan dust; A, mixed aerosols; C, control.
2007a). In the Atlantic Ocean, the shortest interclutch period of
C. furcatus was recorded in mesotrophic sites (around the NW
African upwelling), where the potential food availability would
be favorable for egg production (Peralba et al., in press). On the
other hand, it has been observed that C. furcatus production rate
in laboratory conditions, was higher at low food concentrations
(Mazzocchi and Paffenhofer, 1998). Peralba et al. (in press),
commenting on this issue, explained that the high diversity of a
natural diet may be more profitable for the metabolic needs and
would enhance higher egg production rates.
In the present work C. furcatus appeared to produce eggs
at low available food, although in most cases could not. It
has been reported that clausocalanoids are able to produce
eggs at low food availability (Mazzocchi and Paffenhofer, 1998,
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1999; Bi and Benfield, 2006; Cornils et al., 2007a). Indeed,
Mazzocchi and Paffenhofer (1998) showed that in the lab, C.
furcatus egg production was higher when food (dinoflagellates
and diatoms) concentrations were low than when provided with
high food concentrations, hence proposing an adaptive strategy
of this copepod to oligotrophic environments. In general egg
production of clausocalanids, especially those producing egg sacs,
appears to be low when compared to other calanoids (Cornils
et al., 2007a; review in Mauchline, 1998).
Comparisons with data available on C. furcatus feeding rates
revealed that the ingestion rates of the present work stand
within the lower part of the range reported for experiments
with natural prey assemblage or with cultured monospecific
diets. The low ciliate and dinoflagellate ingestion rates in our
study are comparable to the laboratory findings of Mazzocchi
and Paffenhofer (1998) with dinoflagellates as food. However,
the latter rates enhanced with increasing cell concentrations
(Cornils et al., 2007b). Mazzocchi and Paffenhofer (1999)
found low ratios in spite of their observations of increased
swimming movement, suggesting that nonstop movement might
be energetically superior to discontinuing movement. In the NW
Mediterranean ingestion rates for Clausocalanus spp. (10–40%
body C d−1, Broglio et al., 2004) were 3 to 4 times higher than
those of the present study. In general, under natural conditions,
the ingestion rates can fluctuate within a broad range, as it has
been reported for other medium to small sized copepods (e.g.,
Centropages typicus, 4–70%; Dagg and Grill, 1980).
In our work, clearance rates of C. furcatus on the different
food types fall in the range reported for this copepod in other
oligotrophic areas (Paffenhofer et al., 2006; Isari et al., 2014).
Daily rations (DRs) on the available food of all treatments were
low, either taking into account only ciliate or dinoflagellate food
(maxima of 3.7% in SD and 5.8% in A, respectively) or as a total
(maximum of 7.1% in C). These values are lower than DRs (10–
34%) based on feeding rates of this copepod on monospecific
dinoflagellate diets (Mazzocchi and Paffenhofer, 1998), and are
either much lower or slightly higher than results for other
clausocalanids fed on natural diets in subtropical oligotrophic
waters (Paffenhofer et al., 2006: 38%; Cornils et al., 2007b: 2%).
DRs of this study are, also, a bit lower than those of C. furcatus
from an earlier mesocosm experiment, at the same area but not
same season (Isari et al., 2014). Evaluating the adequacy of the
DRs taking into account the daily metabolic requirements, we
found that the daily basal metabolic demands at 20◦C would
account for 23.4% of its body weight, which would need a DR
of 26% using an assimilation efficiency of 90% (Paffenhofer,
2006). This value is more than duplicated the DRs achieved in
our feeding experiments, indicating serious food limitation of
C. furcatus in the mesocosm experiments. It has been suggested
that the basal metabolic demands of C. furcatus may be satisfied
even under the mostly limited food availability in the subtropical
open seas (Paffenhofer et al., 2006). Nevertheless, the strategy
developed by this copepod to deal with the scarcity of food in
the marine environment is not clear (Paffenhofer et al., 2006;
Cornils et al., 2007b), and it is worth questioning in what way
an ingestion hardly sufficient to meet the energy requirements in
our experiment would sustain the egg production of this copepod
in the mesocosms. Information about nanoplankton availability
as potential food is lacking from our work. Nanoplankton has
been found to be important in the diet of C. furcatus from an
earlier mesocosm experiment, at the same area (Isari et al., 2014).
Copepods, depending on the species and the feeding strategy,
may fulfill their metabolic requirements by foraging on other
non-living material as well (e.g., detrital material; Roman, 1984)
or even utilizing prey patchiness (Tiselius, 1992; Saiz et al., 1993).
However, it is impossible that such procedures may be triggered
inside mesocosms.
Food availability has been considered as a major importance
issue in determining copepod feeding strategy in the marine
environment (Saiz and Calbet, 2007, 2011). Overall, in the
present work, no robust pattern of food selection was observed,
in agreement with the prediction of the optimal foraging theory,
demonstrating that copepods may feed selectively when food is
plentiful and non-selectively when food is limited (DeMott, 1989,
1995). In the oligotrophic Gulf of Aqaba, C. furcatus ingested
preferably ciliates and dinoflagellates, whereas no preference
was detected for diatoms and flagellates (Cornils et al., 2007b);
nevertheless, selectivity indices, calculated according to Chesson
(1983), revealed no preference of any food type. Therefore, it was
assumed that the C. furcatus diet in the Gulf of Aqaba was diverse
and depended mainly on food abundance rather than food type
(Cornils et al., 2007b).
Selective predation on CIL is well documented in copepod
feeding behavior (Calbet and Saiz, 2005; Saiz and Calbet, 2011),
related with their high nutritional quality (Stoecker and Capuzzo,
1990), their optimal size range, and their motility pattern
(Tiselius and Jonsson, 1990; Atkinson, 1995; Saiz and Kiørboe,
1995; Kiørboe et al., 1996). Preference for CIL has been pointed
out for Clausocalanus spp. in NW Mediterranean (Batten et al.,
2001; Broglio et al., 2004) and a selection for both CIL and
DF, was indicated for C. furcatus in the Gulf of Aqaba (Cornils
et al., 2007b). In addition to CIL, DF also comprise a substantial
amount of the carbon consumed by copepods in oligotrophic
seas and in many cases are positively selected, even though to
a lower degree when compared to CIL (Saiz and Calbet, 2011).
In this work, according to Chesson (1983), C. furcatus revealed
preference for DF <20 µm and in a lesser degree for CIL.
However, CIL ingestion was maximized in Exp3, in both the
SD and A treatments, and concurred with the highest copepod
spawning, indicating that CIL consumption might enhance
copepod production. This can be likely explained not only by the
conventional size-dependent selective feeding strategy but also
by a selectivity based on nutritional criteria. It was found that
C. furcatus retains an array of mechanical, chemical and dual-
function sensors over its antenna (A1), by which the copepod
can identify surroundings stimuli (Uttieri et al., 2008), thus
improving its feeding success.
In general, the food types tested in all related studies involved
only a small variation in the food concentration, which remained
mostly in the ranges of oligotrophy (Isari and Saiz, 2011).
Therefore, there is a lack of comprehensive information on the
ability of C. furcatus for energy exploitation in environments
without food limitation (Isari and Saiz, 2011), where they can also
populate (e.g., Valdes et al., 2007).
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Concluding on C. furcatus feeding response in the present
study, based on (a) the lack of robust food selection patterns
(b) the lack of statistically significant differences, (c) the DF
<20 µm preference according to Chesson (1983), and (d)
the maximum CIL ingestion along with the maximum egg
production, in Exp3; it appears that C. furcatus “touches
the threshold” between feeding selectively and feeding non-
selectively, switching continuously, very efficiently, from one
mode to the other. This flexibility can be the C. furcatus setup,
for the optimum exploitation of all available food (including food
patchiness events) in oligotrophic environments.
CONCLUSIONS
Our data showed that, although increased food availability
was not true, the feeding performance of the dominant
copepod C. furcatus did have a response to the atmospheric
deposition, through the changes mediated in the microbial
food web (Tsagaraki et al., this issue; Herut et al., 2016). This
is of great importance for the coupling between lower and
higher trophic levels, through a more efficient transfer of food
toward top consumers. However, the impact of atmospheric
deposition, on the allocation of matter and energy through the
planktonic food wed, is critically dependent on the copepod
community composition; even if Clausocalanus furcatus is the
dominant copepod, definitely does not represent the complete
copepod diversity concerning trophic pathways. Different
copepods and copepod stages display variable behaviorally
driven feeding activities and preferences (Castellani et al.,
2008), and daily feeding behaviors (Calbet et al., 1999). Future
mesocosm research of the impact of atmospheric depositions
on marine system performance should consider, if not the
whole copepod community, more copepod species, especially
regarding ultra-oligotrophic waters, and when necessary, deploy
technologically highly developed experimental set-ups (Riebesell
et al., 2013), closely imitating the actual characteristics of natural
environment.
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